The compaction of individual polymer chains via single chain technology provides versatile ultra-small soft nano-objects (5-20 nm), the so-called single-chain nanoparticles (SCNPs). [1] [2] [3] [4] Significant effort has been devoted in recent years to endow SCNPs with useful functions for nanomedicine, 5, 6 biosensing, 7 bioimaging 8,9 and catalysis applications. [10] [11] [12] Recent investigations by small-angle neutron and X-ray scattering (SANS and SAXS) have shed light on the conformational properties of the resulting SCNPs in solution. 6, 11, 13, 14 These works have revealed that, in general, SCNPs synthesized by means of state-of-the-art intrachain folding/collapse techniques show sparse, nonglobular conformations in dilute conditions. 15 Computer simulations have elucidated the underlying physical mechanism for such sparse morphologies. 14 In brief, the extended self-avoiding conformations of the linear precursor chains, in the good solvent conditions of synthesis, favour bonding of functional reactive groups that are separated by short contour distances. This mechanism promotes local globulation along the chain, but is not efficient for global, large-scale chain compaction. 14, 15 The particular topology of the SCNPs has interesting consequences on their scaling properties.
Thus, the size R of SCNPs in good solvent and high dilution scales with their molecular weight M as R ∼ M ν , with an average exponent ν ≈ 0.5 (see compilation of literature data in Ref. 15 ). This observation is rather different from the limits of self-avoiding linear chains 16 (Flory exponent ν = 0.59) and globular spherical objects (ν = 1/3). Interestingly, the scaling behavior ν ≈ 0.5 generally found for SCNPs in good solvent is similar to that of linear chains in θ-solvent. 16 Indeed there are some analogies between the structure of SCNPs and θ-chains, both having locally compact regions in globally sparse conformations.
The former scaling properties of SCNPs are also strikingly similar to those of intrinsically disordered proteins (IDPs) in dilute conditions, both having an average scaling exponent ν ≈ 0.5. [17] [18] [19] This behavior is rather different from that of denatured unfolded and globular folded proteins, whose size scales with the number of residues in a similar fashion to selfavoiding linear and globular collapsed polymers, respectively. In general, IDPs are not fully disordered linear chains. Most of them have some degree of secondary structure. As a consequence IDPs are topologically polydisperse: different IDPs can show very different degrees of disorder and compactness. [20] [21] [22] Though secondary structure is absent in current SCNPs, we can still establish important analogies between the internal structure of IDPs and SCNPs: i) SCNPs are also topologically polydisperse; 14 ii) as dicussed below, both IDPs and SCNPs are characterized by the presence of locally compact, weakly deformable regions (domains) of the polypeptide/polymer chain connected by flexible disordered segments.
IDPs are highly abundant in eukaryotes. 21 The biological function of IDPs is founded on their internal dynamics and flexibility, enabling them to respond quickly to environmental changes and to bind with different cellular targets. It was early realized that, as a direct consequence of their malleability, the structural, dynamic and associative properties of IDPs could be affected by macromolecular crowding in vivo, substantially differing from the observations in vitro at highly dilute conditions. Indeed, in living cells the volume fraction occupied by biomacromolecules typically ranges from 10% to 40 %. 23 Beyond the role played by eventual specific interactions with the crowders, the excluded-volume effects created by such a reduction of the available space can have, by themselves, decisive effects on the function of IDPs.
A rapidly growing body of research has been devoted to the effect of macromolecular crowding on the physical properties of IDPs. Because of the complexity of the cell environment and the interplay between intervening factors (concentration, specific interactions, internal structure of the IDP...) the effect of crowding is highly variable between different IDPs, from playing a minor role to provoking dramatic changes with respect to dilute conditions. [23] [24] [25] [26] In order to investigate separately the effect of purely steric interactions, a To identify the domains, we proceed as follows: ii) We establish that two rings belong to a same domain if they are mutually linked, i.e., if there are monomers belonging to both rings.
iii) A ring is assigned to a domain if it is linked to at least one of the other rings contained in that domain. A ring that is not linked to any other ring is considered a (single-ring) domain. iv) Two domains merge into a single one if they have at least one ring in common.
Thus, a domain is a cluster of rings, where the criterion for clustering is having monomers in common. The procedure of steps i)-iv) provides an unambiguous, well-defined criterion for identifying domains based on the permanent connectivity structure of the SCNP. We find that some monomers do not belong to any domain. Thus, such monomers form flexible segments connecting domains. In average, 82 % of the monomers belong to some domain, though this fraction varies between different SCNPs in the range of 50% to 100 %, as a consequence of their topological polydispersity. Panels and even 44 % have the minimum size n d = 3. This is a consequence of the self-avoiding character of the linear precursor in good solvent conditions, which strongly promotes bonding of functional monomers separated by short contour distances. This mechanism leads to the formation of a large fraction of small rings that do not even share monomers with others (i.e., single-ring domains). However, there is also a significant fraction of large domains (e.g.,
10% of the domains have n d > 90 monomers).
Since domains are formed by merging of several rings, they are expected to have a strong internal degree of cross-linking and hence a relatively low deformability. To characterize this feature we calculate the relative fluctuation of the domain size, defined as introduce a structural/geometrical characterization of internal disorder in SCNPs. We note that, in the case of IDPs, quantification of disorder is usually based on chemical criteria correlated with the formation of secondary structure (e.g., the charge-hydropathy plot 21 ). Still, the need of specific structural or geometrical parameters to characterize internal disorder in nano-objects like SCNPs or IDPs seems imperative to look for correlations between disorder and functionality. On this basis, a meaningful parameter to identify internal disorder in a SCNP can be given by the size of its largest domain (defined by the number of monomers, Figure 2d demonstrates the correlation between internal disorder and relative deformability δ SCNP of the SCNP (see squares). This is also an indication of the correlation between disorder and functionality, since indeed δ SCNP reflects internal mobility -a relevant parameter in the context of potential functionality.
We also introduce a geometrical parameter, the asphericity a, that can be related to the degree of disorder of the SCNP. This is calculated as 34 Figure 2d (circles), which shows the strong correlation between the fluctuation δ SCNP of the whole SCNP at ρ → 0 and the asphericity. In what follows we will discuss the conformational properties of SCNPs as a function of their degree of disorder. After the discussion above, we will use the size of the maximum domain, n max d , to discriminate the most disordered SCNPs (lowest n max d ). We will use instead the asphericity a to discern the most ordered SCNPs (lowest a ). Indeed a is better correlated than n max d with low deformability (Figure 2d ), providing a highly discriminative characterization of order in terms of funcionality. Now we investigate crowding effects on concentrated solutions of SCNPs, by analyzing the density dependence of their conformational properties. Because of the observed topological polydispersity, each SCNP may be expected to show a different collapse behavior under crowding conditions. This is confirmed in Figure 3a , which shows the compression ratio of the radius of gyration, r = ( R 2 g / R 2 g0 ) 1/2 , with increasing density ρ, where R g0 is the radius of gyration at infinite dilution. Results are given for the average over all the SCNPs, as well as for the 10 % most ordered and most disordered SCNPs (according, respectively, assures thermodynamic miscibility in the SCNP/dPEO system. The molecular weights of dPEO and the SCNPs were very similar (96 and 92 kg/mol, respectively). To measure the form factor (intramolecular correlations) avoiding contributions of the structure factor (all correlations) to the measured signal, the used concentration of SCNPs was very low (2 mg/mL in the solution and 4% in weight in the dPEO matrix). As reference, we also investigated the analogous dilute solution of linear precursors in dDMF. More details about the synthesis, sample preparation and experimental conditions can be found in the SI.
This is demonstrated in
The results for the three samples investigated are presented in Figure 4a . The intensity has been normalized by its q → 0 asymptotic value, delivering directly the normalized form factor w(q)/w(0) of the labeled macromolecules in the deuterated environment. Using as abscissa the reduced variable q R 2 g 1/2 , the differences in the fractal regime can be clearly appreciated. The slope of the curves strongly increases in dilute solution from the precursor to the SCNP, and from the SCNP in dilute solution to the crowded environment imposed by the PEO-chains. As can be seen in Figure 4a , the data can be well described by generalized 
with U = (2ν + 1)(2ν + 2)q 2 R 2 g /6 and γ(a, x) = 
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